U rsolic acid (UA, 3b-hydroxy-urs-12-en-28-oic acid) is a natural pentacyclic triterpenoid carboxylic acid that represents one of the major components of some traditional medicinal herbs. UA exhibits a wide range of biological functions, such as anti-inflammatory [1] [2] [3] , anti-diabetic 4, 5 , anti-HIV [6] [7] [8] [9] , anti-oxidative 10 and antimalarial activities 11 . Among them, its anti-cancer activity is the most prominent in both the in vitro and in vivo settings [12] [13] [14] [15] [16] [17] . In recent years, many attempts on structural modifications of UA have been made to improve its efficacy and specificity against cancer cells [18] [19] [20] [21] . Modifications of UA have been mainly focused on its 3-OH and 17-COOH functional groups. Introduction of polar groups or active groups to the main structure may significantly improve anti-cancer activity and water solubility of UA derivatives 22, 23 . For example, introduction of an acetyl group and amino alkyl group into the 3-OH and the 17-COOH positions remarkably improves UA's activity in inhibition of cell proliferation 24, 25 . We previously reported an approach by which diethanol amine was connected to UA after chlorinating 17-COOH group with oxalyl chloride. Such a derivative displayed better anti-proliferative activity against human cancer cells (e.g., HepG2, BGC-823, SH-SY5Y and HeLa) 26 , suggesting that this modification improves the anticancer efficacy of UA derivatives. However, the majority of UA derivatives do not possess tumor targeting ability and have greater toxicity on normal tissues, which limit their further development and application.
The therapeutic targeting of cancer metabolism has become a novel strategy of drug development 27 . Cellular metabolism of tumor cells differs significantly from that of normal cells. Cancer cells have defective mitochondria, which forces them to mainly depend on anaerobic glycolysis for production of lactate and ATP as their main source of energy even in the presence of sufficient oxygen. This is known as Warburg's effect in cancer cells 28 . Selectively targeting cancer metabolism may provide an alternative strategy for anticancer drug development with minimum adverse effects on normal cells 29 . 2-Deoxy-D-glucose (2-DG) is a glucose analog that is best known as an inhibitor of glucose metabolism 30 . 2-DG blocks the first step of glycolysis. It is phosphorylated by hexokinase II and this phosphorylated product 2-deoxyglucose 6-phosphate (2-DG-6P) cannot be further metabolized. Many cancers have elevated glucose uptake and hexokinase levels, and thus 2-DG has been suggested as a molecular cancer therapeutic based on its actions as a competitive inhibitor of glucose transporters, hexokinase, and glycolysis in cancer cells 31 . Whereas 2-DG ultimately suppresses cell proliferation in vitro 32, 33 , animal model studies and human clinical trials indicate that 2-DG treatment, when provided as a single agent, scarcely inhibits tumor growth 34, 35 .
In the present study, we synthesized a series of UA diamine derivatives, and tested their selectivity and efficacy on various cancer cell lines versus their counterpart normal cells. Moreover, led by the results from our computational docking study, we tested whether combination of the identified leading UA derivative US597 (UA-4) and 2-DG could result in synergistic inhibition on hepatoma cell proliferation in vitro and in vivo, and further explored the potential mechanisms of the combined actions.
Results
Chemistry of UA derivatives. UA was acetylated to give 3-O-acetylursolic acid (UA-1). Treatment of 3-O-acetylursolic acid with oxalyl chloride yielded 28-acylchloride, which was further combined with di-amine to yield the di-amine UA derivatives UA-2 , UA-5 ( Fig. 1) . The characterization data of 3b-acetoxy-urs-12-en- 28 Supplementary Fig. S1 ). Characterization data of UA-2, UA-3 and UA-5 were shown in Supplementary Information (SI).
Saponification of UA-2 , UA-5 produced compounds UA-6 , UA-9, respectively (Fig. 1) Characterization data of UA-6, UA-7 and UA-9 were showed in Supplementary Information.
The purity of UA-4 was determined by using the established HPLC method. In each single run, only a major peak was observed, which dominated the chromatographic area, indicating that UA-4 has the purity .98%. The retention time of UA-4 was at 9.21 min ( Supplementary Fig. S1 ).
Inhibition potency of UA derivatives. The inhibition potency of all the synthesized UA derivatives was tested by using different cancer cell lines HepG2, AGS, A-375, HeLa, and human normal counterpart cell line HELF. The results were compared and ranked. As shown in Table 1 and Supplementary Fig. S2b , the IC 50 values for UA to suppress cell proliferation varied from 33.12 , 68.82 mM in four cancer cell lines. The 3-OH of the modified UA derivatives was esterified, which resulted in 3-O-acetyl UA (UA-1). UA-1 showed inhibition activity similar to UA itself against the HepG2, AGS, A-375, and HeLa cell lines, while UA-1 had lower cytotoxicity against HELF cells than UA. In addition, most of the UA derivatives, such as UA-2 , UA-9, exhibited an increased cytotoxic activity in various degree compared with UA. Derivatives UA-2 , UA-5 with an acetoxyl group exhibited cytotoxicity against A-375 and HeLa cells more potent than UA-6 , UA-9, the latter had a free 3-hydroxyl group ( Supplementary Fig. S2a and b) . The result showed the difference in potency between acetoxyl and hydroxyl groups ( Supplementary Fig. S2 ), and suggested that the acetoxyl group may be more potent than hydroxyl group in inhibiting cell growth. After careful analysis of the data, we noted that UA-4 showed the most significant activity against all cancer cell lines (i.e., HepG2, AGS, A-375, and HeLa) but less cytotoxicity towards the normal counterpart HELF cells in comparison to the positive control drug paclitaxel (Table 1 , Supplementary Fig. S2 ). Based on the comparison and evaluation of potency and selectivity of the UA derivatives on the tested cell lines, UA-4 was then chosen for further studies to explore its antitumor mechanism.
Effects of UA-4 on cell cycle distribution. Based on the aboveobtained data, we decided to explore the cellular mechanism by which UA-4 affects cell cycle distribution. A-375 cells were treated with different concentrations of UA-4. The cell cycle was then analyzed by flow cytometry after the cells were stained for DNA with PI. When the number of cells in S and G2/M phases was reduced, the number of those in G 0 /G 1 phase was increased gradually with increasing concentrations of UA-4, (Fig. 2c) , indicating that UA-4 arrests A-375 cells in G0/G1 phase.
UA-4 induced loss of DYm. Mitochondrial membrane depolarization is a prelude of apoptosis. DYm reflects activity of electron transport chain and thus mitochondrial function. After A-375 cells were treated with UA-4, the loss of DYm was observed in a dosedependent manner (Fig. 2d) . The loss of DYm occurred at 1 mM of UA-4 (106% of Rhodamine 1 cells, compared to the untreated control) and reached the maximum at 10 mM (132% of Rhodamine (Fig. 2g) , the proportion of annexin-V 1 /PI 1 cells had both late apoptotic and necrotic cells. Through comparative analysis, the decrease in cell viability induced by UA-4 was not entirely attributed to necrosis/apoptosis (Fig. 2b, 2e and 2f), and we hypothesized that it might be associated with changes in cellular energy metabolism.
Computational modeling to predict binding of 2-DG and UA derivatives to glucokinase for synergistic inhibition. To confirm our hypothesis that the cell death was related to cancer cell cellular energy metabolism, we further performed computational modeling analysis. After ranking the potency order of the UA derivatives and identifying the leading molecules, we established a computational docking model to explore whether UA derivatives (UA-2 , UA-9) could directly affect glucokinase activity and whether the synergistic inhibition existed between 2-DG and UA derivatives. The crystal structure of glucokinase from Homo Sapiens had been reported 36 . The chemical structures of 2-DG, glucose (Glc) and UA derivatives UA-2 , UA-9 were shown in Supplementary Fig. S3 . The docked complex structure constituted glucokinase and one of the carbon chain fragments of different length, simply named as 2C, 4C, 6C and 8C, respectively, as shown in Fig. 3 and Supplementary Figs . S4-S5. UA itself has difficulty to be docked in glucokinase. There are two glucose binding sites in glucokinase (Supplementary Fig.  S4a ) 37 . The combination of 2-DG and UA-4 synergistically inhibits cancer cell growth in vitro. To further examine the synergistic effect existing between UA-4 and glycolytic inhibitors, L-Cys, 2-DG, LM and 3-BrPA were combined with UA-4, respectively. Comprehensively considering the high inhibition of cancer cell proliferation and low-toxicity to normal cells, the combination of 2-DG and UA-4 proved the best combination ( Fig. 4a and b) . Lastly, we investigated effects of UA-4 alone, 2-DG alone or combination on proliferation of cancer A-375, cancer HepG2, normal HELF and normal L02 cells. As showed in Fig. 4c, 4d and Supplementary Fig. S6 , the combination of the two drugs produced significant inhibition on cancer cell lines A-375 and HepG2 in a dose-dependent manner in comparison with either 2-DG or UA-4 treatment alone ( Fig. 4c and Supplementary Fig. S6a ). Whereas, the combination did not produce significant inhibition on the human normal cell lines HELF and L02 in comparison with either 2-DG or UA-4 treatment alone ( Fig. 4d and Supplementary Fig. S6b ). In order to investigate the mechanism of cell death promoted by the 2DG/ UA-4 combination, we selected the HepG2 cell line for further study because of better combination effects.
The combination of 2-DG and UA-4 induces cell cycle arrest in G2/M phase. Because the decrease in cell viability induced by UA-4 was not entirely attributed to necrosis/apoptosis ( Fig. 2e and 2f) , we asked whether cell cycle was affected by 2-DG 1 UA-4. HepG2 cells were treated for 24 h in the presence of UA-4 or/and 2-DG. 2-DG alone led to a cell cycle arrest in G2/M, while UA-4 alone arrested cell cycle at G0/G1 stage (Figs. 2c and 5a) . Interestingly, the combination of UA-4 (4 mM) and 2-DG (20 mM) led to the accumulation of 37.1% HepG2 arrested in G2/M stage (Fig. 5a) . The results showed the combination of 2-DG and UA-4 could arrest cell cycle in G2/M phase.
The combination of 2-DG and UA-4 promotes caspase-dependent cell death. To determine if the inhibition of cancer cell proliferation by the combination of the drugs is due to apoptosis, we analyzed Annexin V-FITC/PI double staining in HepG2 cells. As shown in Fig. 5b , the combination of 2-DG and UA-4 significantly increased apoptosis (31.2%), compared with the single drug (13.7% and 24.7%). The caspase cascade is crucial for apoptotic signal transduction 38 . Activities of caspase-3, caspase-8 and caspase-9 were shown to Lys 296 and Gly 295 of hexokinase via hydrophobic interaction, and binds with Thr 332 via hydrogen bonds; b, 4C binds with amino acid residue Lys 296 as 2-DG binds to one of the four residues of hexokinase; c, the docking and binding between 6C of UA-4 or UA-8 and hexokinase are the same as those between 2-DG and hexokinase. Furthermore, 6C can bind the amino acid residues Phe 330, Glu 300 and Thr 228 via hydrogen bond, the reaction that could not be simulated between 2-DG and hexokinase. d, 8C binds with amino acid residues Thr 332, Gly 295, and Lys 296 via hydrophobic interaction.
www.nature.com/scientificreports SCIENTIFIC REPORTS | 4 : 5006 | DOI: 10.1038/srep05006be dose-dependently increased with treatment of 2-DG, UA-4 and 2-DG 1 UA-4 for 24 h in HepG2 cells (Fig. 5c-5e ). The results showed the combination of 2-DG and UA-4 could promote caspasedependent apoptosis.
The combination of 2-DG and UA-4 reduces hexokinase activity. To verify whether the combination of UA-4 and 2-DG have direct inhibition effect on the hexokinase activity in HepG2 cells, the total hexokinase (HK) activity in the presence of UA-4 and/or 2-DG were measured. The results demonstrated that single drug UA-4 or 2-DG could reduce the activity of hexokinase on different levels, but the combination of UA-4 and 2-DG synergistically inhibited HK activity (Fig. 5f ).
The combination of 2-DG and UA-4 aggravates depletion of intracellular ATP. We determined whether the combination of 2-DG and UA-4 affects intracellular ATP levels in HepG2 cells (Fig. 5g) . 2-DG alone slightly decreased intracellular ATP concentrations with 24 h of treatment. UA-4 also decreased intracellular ATP concentration in a concentration-dependent manner. Importantly, the combination of 2-DG and UA-4 robustly diminished intracellular ATP concentrations in HepG2 cells. These results suggested that the combination of 2-DG and UA-4 could exert a more deleterious effect on cancer cell viability by aggravating intracellular ATP depletion.
The combination of 2-DG and UA-4 decreases lactate production. To elucidate if the combination of UA-4 and 2-DG could affect cancer cell metabolism, the lactate production in the tumor cells was tested. 2-DG decreased lactate production and prevented UA-4 induced lactate production in HepG2 cancer cells (Fig. 5h) . In conclusion, these results suggest the synergistic inhibition of the combination on HepG2 cancer cells, probably reflecting the inhibition by 2-DG on cellular glycolysis that is dominant in most malignant cancer cells.
Calculation of synergism for the combination of 2-DG and UA-4.
The q values for quantification of synergism and antagonism were calculated for cytotoxicity, hexokinase activity, ATP level and lactate production. By calculation method of Zheng-jun Jin 39 , the combination of 2-DG and UA-4 had synergism for cytotoxicity (q $ 1.15), and had additive effect (0.85 , q , 1.15) for lactate production. However, the combination of 2-DG and UA-4 at low concentrations had synergism for hexokinase activity and the ATP level, and had additive effect at high concentration (Supplementary Table S1 ). Thus, the combination of 2-DG and UA-4 was synergistic to inhibit cancer cell growth in vitro, reduce hexokinase activity, aggravate depletion of intracellular ATP and additive to decrease lactate production.
The combination of 2-DG and UA-4 synergistically inhibits tumor growth in vivo. Our aforementioned results showed that the combination of 2-DG and UA-4 synergistically inhibited the growth of both HepG2 and A-375 cells in vitro (Fig. 4c-4d and Supplementary Fig. S6 ). Our data ( Supplementary Fig. S7 ) showed that both UA-4 single agent or combined with 2-DG were more sensitive to H22 cells than to HepG2 cells. To confirm these results in vivo, we tested the combined treatment of 2-DG and UA-4 in a H22 cells-bearing ascites mice model. During 14 days of drug treatment, the tumor volume in each experimental group increased (Fig. 6a, upper and 6b) , while body weight of mice had no significant changes (Fig. 6c) . The combination of 2-DG and UA-4 significantly inhibited tumor growth in a dose-and time-dependent manner, compared with the single-drug group and control group (Fig. 6b) . At 14 days, normal tissues, such as heart, liver, spleen, lung, kideney and small intestine, did not exhibit significant morphological changes by a histological analysis of the tissue (Supplementary Fig. S8 ). The tumor inhibition rate was calculated from a qualitative/quantitative statistical analysis of tumor volume and weight ( Fig. 6a bottom and Fig. 6d-6e ). Among them, the tumor inhibition rate of 2-DG 1 UA-4 (1 g/Kg 1 80 mg/Kg) was up to 70.2 6 3.4%, compared with the control group. Histological examinations showed great tumor necrosis and apoptosis(arrows)appeared in the combination group of 2-DG and UA-4 (Fig. 6f ).
Discussion
Our previous study showed significant improvement on inhibition by UA of cancer cell growth after introduction of both the acetyl group and amino alkyl group to the 3-COOH position and 17-OH position of UA, respectively 26 . In the present study, we observed modest changes in IC 50 values of the UA derivatives after the 3-OH group was acetylated alone (e.g., UA-1, Table 1 ). However, significant improvement on inhibition of cell growth was achieved when both the acetyl group and diamine group with different length of carbon chains (2C, 4C, 6C and 8C) were introduced to the 3-OH and the 17-COOH positions, respectively (e.g., compounds UA-2 , UA-5). Interestingly, in most of the tested cancer cell lines (except HepG2), the potency of compounds UA-2 , UA-5 (with both acetyl and diamine groups) was higher than their corresponding analogs (UA-6 , UA-9). The latter had a free unmodified 3-OH group. The result supports our hypothesis that concurrent modification at the 3-OH and 17-COOH positions of UA with the acetyl and diamine groups could improve the inhibition potency of UA.
The inhibitory effect of the UA diamine derivatives (UA-2 , UA-5) on cancer cells varied when the length of the carbon chain was changed. In the process of structural and functional optimization for the activity of the UA derivatives to compete with the substrates of hexokinase (i.e., glucose), UA-4 displayed the most significant anti-proliferation effect against various cancer cell lines (Table 1) . We proposed that the length of six carbon chain (6C) may represent the most optimal length for UA-4 to bind the active sites of hexokinase when competing with the six carbon glucose (Fig. 3 and Supplementary Fig.  S4 ) to produce inhibition of the key enzyme in the glycolysis pathway, and hence down-regulate the glycolysis metabolism of cancer cells. Cancer cells may contain higher levels of esterase and amidase than normal cells 18 . We hypothesized that once endocytosed, UA-4 may be hydrolyzed by amidase to produce the metabolized products 6C and UA, respectively. As showed by the computational simulation (Fig. 3) , 6C docked well with the active sites of hexokinase to compete with glucose, and therefore resulting in binding and inhibiting the ratelimiting enzyme-hexokinase in cancer cells. In the mean time, the hydrolyzed UA itself possesses the ability to induce cell apoptosis, inhibit cell proliferation and arrest cell cycle as previously revealed by us and others 12, 15, 16, 26 . These joint effects of UA-4, resulted from its hydrolyzed parts UA and 6C together, are depicted and summarized by us in Fig. 7 , which represents the mechanism of action by which UA-4 exhibits its anti-cancer activity.
Cancer cells are sensitive and vulnerable to biological changes under hypoxic conditions that would sensitize cancer cells to glucose changes in cell microenvironment. One of the fundamental changes that occurs in most cancer cells is the shift in energy metabolism from oxidative phosphorylation to aerobic glycolysis to compensate bioenergy ATP. The present study demonstrated that UA-4 produced mitochondrial membrane depolarization of cancer cells dose-dependently (Fig. 2d) , suggesting that UA-4 may be a mitochondrial inhibitor. The finding intrigued us to explore a combined inhibition of glycolysis and mitochondrial function by concomitantly adding 2-DG and UA-4 to A-375 and HepG2 cells. The present studies observed the clear synergistic effect between UA-4 and 2-DG in inhibiting cancer cell activity. 2-DG is the most commonly-used antiglycolytic agent [40] [41] [42] . In the present study, we found that UA-4 primarily arrested cancer cells in G0/G1 phase. While in its combination with 2-DG, the cells were dominantly arrested in G2/M stage. The combination elicited cytotoxic effect more significantly than either 2-DG or UA-4 alone (Fig. 4c-4d ). The analysis indicated that UA-4 alone could make cells to stay in their quiescent G0 state without an increase in size. While in combination, UA-4 and 2-DG blocked one of the two important checkpoints, namely G2/M checkpoint. As a result, the cellular DNA synthesis and mitosis could be blocked. The p53 plays an important role in controlling mechanisms at both G1/S and G2/M checkpoints.
The activation of caspase family members is essential for both death receptor and mitochondrial pathways apoptosis, these caspases are classified into two groups including initiator caspases (-2, -8, -9 and -10) and effector caspases (-3, -6 and -7) according to their functions 43 . Our data showed that UA-4 combined with 2-DG could dose-dependently increase cell apoptosis by activating caspase-3, caspase-8 and caspase-9. The combination of 2-DG and UA-4 synergistically inhibited cancer cell growth, but it was not entirely attributed to apoptosis (Figs. 4c and 5b) . The combination of 2-DG and UA-4 induced the decrease of intracellular ATP level (Fig. 5g) . In lactate production assay, interestingly, UA-4 itself did not change lactate production of the cancer cells within the effective inhibitory concentrations (2, 4, and 6 mM), but UA-4 seems to sensitize the cancer cells to the inhibitory activity of 2-DG (Fig. 5h) . Moreover, the combination of 2-DG and UA-4 also synergistically inhibits tumor growth in vivo, compared with single drug (Fig. 6) . Thus, the result indicated that the combination may target both cell necrosis/apoptosis and glycolytic pathways-a promising strategy for inhibiting cancer progression.
In conclusion, we have designed and synthesized a series of novel ursolic acid derivatives. The molecular docking model predicted that UA derivatives with different length of carbon chains (2C , 8C) possessed a potential for targeting glucose metabolism pathway in tumor cells. The experimental results suggest that (1) the structural modification enhanced anti-proliferative activity of UA against cancer cells; (2) the leading US597 (UA-4) significantly improved anticancer activity evidenced in cell cycle arrest, mitochondrial inhibition and apoptosis/necrosis induction; and (3) the combination of UA-4 and 2-DG synergistically inhibited hepatoma cancer cell growth in vitro and in vivo by inducing cell cycle arrest at G2/M stage, promoting caspase-3,8,9 activities, reducing hexokinase activity, aggravating depletion of intracellular ATP and decreasing lactate production. The combination of UA-4 and 2-DG may represent a novel strategy for cancer therapeutic treatment.
Methods
Chemicals and spectral characterization methods. UA (purity . 90%; Fig. 1 ) was purchased from Xi'an Ocean Biological Engineering Co., China. Silica gel (200-300 mesh) used in column chromatography was provided by Tsingtao Marine Chemistry Co., China. 3-O-acetyl-ursolic acid was prepared following the procedures described previously in detail 26 . Other reagents at either analytical or chemical purity standards were obtained from commercial suppliers. Melting points were determined by using an electrically heated X-4 digital visual melting point apparatus. IR spectra and 1 H-NMR spectra of synthesized compounds were recorded by using a Shimadzu FTIR-8400S and a BRUKER AV-400 or AVANCE III 500 spectrometer (using TMS as the internal standard in CDCl 3 or DMSO-d 6 ), respectively. Electrospray ionization (ESI) mass spectra of synthesized compounds were measured by using an Agilent 1100 IC/MSD Trap XCT.
Computational modeling. To understand the molecular interaction between UA derivatives and glucokinase, a molecular docking study was carried out using the Hex 6.3 protocol 44 . The crystal structure of glucokinase was used as the docking protein 36 . Figure 7 | Proposed mechanisms by which the leading UA derivative UA-4 and 2-DG produce synergistic inhibition on cancer cell proliferation. After entering the cells, UA-4 is hydrolyzed by amidase to be broken down to the carbon chain 6C and UA metabolite. The former competes with glucose for binding to hexokinase to inhibit cancer glycolysis pathway, while the latter produces depolarization in DYm, cell arrest, ATP consumption, necrosis/ apoptosis via caspase-independent pathway. 2-DG also inhibits glycolysis of cancer cells by targeting hexokinase. The dual targeting of cell necrosis/ apoptosis and glycolysis pathways by using the safe and effective molecules represents a novel anticancer agent.
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Following molecular mechanics energy minimization, the different length of carbon chain fragments (simply named as 2C, 4C, 6C and 8C, Fig. 1 ) of the synthesized UA derivatives UA-2 , UA-9 ( Fig. 1) was optimized with DFT/6-31G in Gaussian 09 45 to be docked to the hexokinase homology. They were selected as the potential hexokinase inhibitor. The hexokinase structure was rigid, while the ligands 2C, 4C, 6C and 8C were flexible during the docking process. The relative binding free energy calculated with the Hex 6.3 protocol was determined as the most suitable binding orientation and the best docked structure. All parameters were calculated with the default protocols unless otherwise noted.
Chemical modification of UA derivatives. Preparation and characterization of compounds UA-2 , UA-5 were similar to what reported previously 26 . Briefly, oxalyl chloride (0.6 mL) was added in three aliquots to the methylene chloride (CH 2 Cl 2 ) solution containing compound UA-1 (1 mmol) and stirred at room temperature for 24 h. The mixture was concentrated to dryness under a reduced pressure to obtain crude 3-O-acetylursolyl chloride. This intermediate was dissolved in the CH 2 Cl 2 (20 mL) solution, and then treated with ethylenediamine, butanediamine and hexamethylenediamine, respectively. The mixture was stirred at room temperature for 12 h, treated with triethylamine to reach pH 8-9, and concentrated to dryness. The residue was dissolved in 10 mL water, adjusted to pH 3-4 with 2 N HCl and filtered. The crude material was purified on the silica gel column with the chloroform/ acetone (v/v 155) eluents to yield compounds UA-2 , UA-5, respectively.
Synthesis and characterization of UA-6 , UA-9 were conducted as follows: a solution of UA-2 , 5 in aqueous NaOH (4 N) in CH 3 OH: THF (151.5, v5v) was stirred for 4 h at room temperature and concentrated under a reduced pressure. The residue was suspended in water, adjusted with 2 N HCl to pH 3-4 and then filtered. The filter was washed with water to pH 6-7, and the material was dried to obtain compounds UA-6 , UA-9.
Chromatographic analyses. UA-4 was analyzed using a reversed phase HPLC system (Waters 2695 XE, USA). The system was controlled under the following conditions: flow rate, 1.0 mL/min; column temperature, 35uC; UV detection wavelength, 210 nm. A 10 mL aliquot of UA-4 was auto-injected into the injection loop, and chromatographed using the C18 column eluted isocratically with a mobile phase of 90% methanol and 10% water. The area under each peak was calibrated with the data processor. The sample was diluted with methanol immediately before injection.
Cell lines, cell culture and mice. Human hepatocellular carcinoma HepG2 cells, gastric adenocarcinoma AGS cells, melanoma A-375 cells, cervical carcinoma HeLa cells, normal human embryonic lung fibroblast HELF cells and human liver cell line L02 cells were obtained from our in-house frozen cell stock cryopreserved in ampoules in a large repository 26 . These cell lines were maintained in RPMI 1640 medium supplemented with heat-inactivated fetal bovine serum (FBS, 10%), penicillin (100 U/mL), and streptomycin (100 mg/mL) in a humidified atmosphere of 5.0% CO 2 at 37uC. Kunming mice, which were purchased from the Slac Animal Inc (Shanghai, China), were maintained in a controlled environment of temperature at 20uC to 25uC and 12-h cycles of light and dark. The mouse ascites hepatoma H22 cell line (Kunming background), purchased from Shanghai Cell Bank in China, was grown in DMEM supplemented with 10% FBS and 4 mM glutamine.
MTT assay for cell viability/proliferation. Ursolic acid (UA), paclitaxel, and compounds UA-1 , UA-9 were dissolved in dimethyl sulfoxide (DMSO) and diluted with culture medium containing 0.1% DMSO, respectively. In parallel, cells were incubated with culture medium containing 0.1% DMSO as vehicle-treated control. Paclitaxel was used as a positive control. The cytotoxicity of the derivatives was determined by the MTT assay. Cells (1 3 10 4 /well) were plated in 100 mL of the culture medium/well on 96-well plates. After overnight incubation, cells were treated with different concentrations of drugs in RPMI 1640 with 10% FBS for 24 h. After the treatment, cells were incubated with the MTT agent in the medium without phenol red and serum for another 4 h. MTT-formazan formed metabolically by viable cells was dissolved in 150 mL of DMSO and shaken for 10 min. Absorbance was then measured on an ELISA reader at the wavelength of 492 nm. Each test was repeated at least three times. The concentration of the compound which gives the 50% growth inhibition value was defined as the IC 50 .
Cell cycle analysis. Flow cytometer method used for determining cell cycle arrest was similar to that described previously [46] [47] [48] [49] with minor modifications for individual analogs. Briefly, A-375 cells were incubated with different concentrations of the leading compound UA-4 (0, 1, 3 and 5 mM) for 24 h, and HepG2 cells were untreated/treated by 2-DG (20 mM), UA-4 (4 mM) and 2-DG 1 UA-4 (20 mM 1 4 mM) for 24 h. After treatment, cells (1 3 10 6 ) were harvested and washed twice with PBS, and fixed in 70% ice-cold ethanol overnight. Sample was then stained for DNA with a mixture solution of 1% (v/v) Triton X-100, 0.01% RNase, and 0.05% PI for 30 min at 4uC in the dark. Cell cycle distribution was then determined by using flow cytometry (BD Bioscience, FACS AriaIII). All experiments were performed three times.
Mitochondrial membrane potential assay. The mitochondrial membrane potential (DYm) assay was similar to that described previously 50, 51 . The assay is based on uptake of 2-(6-Amino-3-imino-3H-xanthen-9 -yl)-benzoic acid methyl ester (Rhodamine 123, inhibitor of mitochondrial oxidative phosphorylation) by mitochondria. Increased uptake of Rhodamine 123 indicates loss of DYm. Briefly, A-375 cells were cultured on 6-well plates overnight and then incubated with UA-4 (1, 5 and 10 mM) in 3 mL fresh culture medium. Cells were then incubated for 24 h. Cells were washed twice with PBS and incubated with Rhodamine 123 for 10 min. The percentage of Rhodamine-positive cells was determined by using flow cytometry (BD Bioscience, FACS AriaIII).
Analysis of distinction between apoptotic and necrotic cells. For distinguishing apoptotic and necrotic cells, the treated cells were stained with Annexin V-FITC and propidium iodide (PI) double staining kit. A-375 or HepG2 cells were incubated with different concentrations of UA-4 and/or 2-DG, 2-DG 1 UA-4 for 24 h. After the treatment, 3 3 10 5 cells were harvested and washed twice with PBS and stained with 5 mL of the solution containing Annexin V-FITC and PI for 15 min in the dark according to the manufacture's instructions. Cells were then analyzed by using flow cytometry (BD Bioscience, FACS AriaIII). All experiments were performed three times.
TdT-UTP nick end labeling (TUNEL) assays were performed with the one step TUNEL kit according to the manufacturer's instructions (Biyotime, China). Briefly, the cells were fixed with 4% paraform phosphate buffer saline, rinsed with PBS, treated with 0.1% Triton X-100 for 2 min on ice, incubated with TUNEL for 1 h at 37uC. The FITC-labeled TUNEL-positive cells were analyzed by flow cytometry. The TUNEL-positive cells were recognized as apoptotic cells. 
Animal experiments. All animals used in these investigations were handled in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council, 1996) . The institutional animal care and use committee of Fuzhou University reviewed and approved all animal use procedures based on the above regulations, including use of appropriate species, quality and number of animals, avoidance or minimization of discomfort, distress and pain of animals in concert with sound science, use of appropriate anaesthesia and euthanasia. All possible efforts were made to minimize the animals' suffering and to reduce the number of animals used.
H22 cells (2 3 10 7 cells in 200 mL of mice ascites) were injected subcutaneously into the right hind leg of 8-week-old female Kunming mice. Two days after injection of cells, the mice were imaged to verify tumor establishment. A total of 36 Kunming mice were equally divided into six groups randomly, and then they were orally gavaged with either normal saline (control), 2-DG (1 g/Kg), UA-4 (40 mg/Kg), UA-4 (80 mg/Kg), 2DG 1 UA-4 (1 g/Kg 1 40 mg/Kg) or 2-DG 1 UA-4 (1 g/Kg 1 80 mg/ Kg) for 14 days, respectively. Mice weight and tumor volume were measured every other day, and tumour volume was estimated using the formula for an ellipsoid (0.5 3 length 3 width 2 ). After 14 days of treatment, the mice were sacrificed by cervical dislocation after euthanizing with isoflurane (3%), and tumor volume and weight were measured, and fixed in formalin. These tumors were then paraffin embedded and stained with hematoxylin and eosin (H&E). Tumor inhibition rate (%) 5 (mean tumor weight of control group -mean tumor weight of treated group)/mean tumor weight of control group 3 100%. Statistical analysis. Data represented the means 6 standard deviations (SD) for three independent experiments. Significance of differences between experimental variables was determined by Student's t-test and one-way analysis of variance. Multiple comparisons of means were conducted using the least significance difference (LSD) test. A probability (P) value , 0.05 was considered statistically significant, and P , 0.01 was highly statistical significance. All statistical analyses were performed employing the SPSS statistical software (version 19.0).
